2 index optics with optical metamaterials 6 . Veselago lensing has also been proposed for electrons in graphene material 7 and cold atoms in dark state media 8 , but so far no experimental realization has been reported. The refractive action of a Veselago lens differs clearly from usual lenses, for the latter see also earlier work on the lensing of atomic de Broglie waves using light potentials with quadratic dispersion 9, 10 . The essential prerequisite to transfer such novel light optics effects towards matter waves is a relativistic, i.e. photon-like, dispersion relation, an issue that has been achieved in some recent experiments with cold atoms in optical lattices, including the observation of Klein tunneling, the moving and creation of Dirac points, and Zitterbewegung [11] [12] [13] , see also refs 7,14-16.
Here we demonstrate Veselago lensing for matter waves. Our experiment uses ultracold rubidium atoms in a bichromatic optical lattice with a linear, i.e. relativistic, dispersion relation. A Raman π-pulse transfers the atomic de Broglie waves between different branches of the dispersion relation, and the relativistic lensing occurs by a backwards propagation of atomic wavepackets on an energetically mirrored branch of the dispersion relation. We study negative refraction and Veselago lensing both in a onedimensional geometry and perform a ray-tracing simulation of a two-dimensional Veselago lens.
Results

Experimental Background
To tailor the atomic dispersion relation to resemble that of light in positive and negative index materials respectively, we modify the free atomic dispersion by adding a suitable periodic potential induced by laser fields. They imprint a bichromatic optical lattice potential of the form )
, where V 1 denotes the potential depth of a usual standing wave lattice potential of spatial periodicity /2
and V 2 that of a higher lattice harmonic of spatial periodicity /4, generated by the dispersion of multiphoton Raman transitions 17 . Here,  denotes the laser wavelength with wavevector
, and  the relative phase between lattice harmonics. For a relative phase =180 0 and a suitable choice of the amplitude of lattice harmonics, the splitting between the first and the second excited Bloch band vanishes and the corresponding dispersion relation near the crossing becomes linear, i.e. relativistic, see the solid line in Fig.2 . This is understood from the destructive interference of the contributions from first order Bragg scattering of the higher periodicity lattice and second order Bragg scattering of the standing wave lattice.In general, if we set the zero of the energy scale to the position of the crossing, the energy of atomic eigenstates near the crossing is . By tuning of the splitting E, moreover different projections of a twodimensional Dirac cone can be realized.
One-dimensional Veselago lensing of matter waves
We have studied the one-dimensional analog of Veselago lensing with cold atoms in the optical lattice, in the presence of an additional, spatially slowly varying potential. In a single dimension, two rays are possible (atomic paths along and opposed to the x-axis of Fig.1 respectively) , and Fig.3a shows a schematic of the relevant part of the atomic dispersion relation for the case of a vanishing splitting between bands, with
. The atoms initially propagate in the lattice with linear dispersion relation with an energy-independent velocity of eff c  respectively, which above the crossing, i.e. for E>0, in analogy to light optics can well be described by propagation in a medium with positive refractive index, say n=1. Due to the linear dispersion relation, the atoms remain at a group velocity of eff c  even in the presence of the additional (here confining) potential. Transitions to states below the crossing, i.e. with E<0, are induced with a short (broadband) four-photon Raman -pulse. This reverses the path of propagation, resulting in spatially converging atom paths. The group velocity is now opposed to the wavevector x k , and we conclude that the regime with E<0 corresponds to propagation in a medium with negative refractive index, n=-1. The -pulse reverses the temporal evolution, similar as in a spin-Echo experiment 19 , and after the second 
Ray tracing simulation of two-dimensional relativistic lensing
We also carried out a ray-tracing simulation of a two-dimensional Veselago lens. The 
, where 
Conclusions
We have demonstrated negative refraction and Veselago (relativistic) lensing for ultracold atoms in an optical lattice. In the one-dimensional case, we observe refocusing despite the presence of an inhomogeneous external potential. For the case of twodimensional lensing, a ray-tracing simulation technique was applied. In future, it will be important to study Veselago lensing in optical lattices with higher-dimensional quasirelativistic dispersion 12,14,22-23 to achieve wavepacket refocusing in different spatial dimensions. While in the absence of a bias force the refocusing achieved by the -pulse transfer occurs at the original position of the wavepacket, forming a temporal version of a Veselago lens, gravity or the Stern-Gerlach force from magnetic gradients can be used to translate the second focus to a spatially separate location. For the future, imaging below the diffraction limit should be examined when imaging objects, such as microscopic mechanical structures, of size smaller than the atomic de Broglie wavelength. Other prospects of -pulse refocusing in optical lattices with linear dispersion relation include atom interferometric metrology applications, which benefits of the group velocity here being independent of external potentials, as well as its use for 9 novel probes of quantum manybody physics in optical lattices.
Methods:
Experimental Details and Setup
Our experiment is based on ultracold rubidium atoms in a bichromatic optical lattice potential used to tailor the atomic dispersion relation. Rubidium atoms ( 87 Rb) are initially cooled to quantum degeneracy by evaporative cooling in a quasistatic optical 
Experimental sequence
For the one-dimensional Veselago lensing experiment (corresponding to the data shown in Fig.3 ), atoms are after condensate generation in a tightly focused dipole trap loaded into a dipole potential created with a beam near 10.6µm wavelength and 125µm focal diameter (roughly a factor of 5 larger than the size of the beam used for condensate preparation by evaporative cooling). This beam is irradiated in a counterpropagating 
Imaging method
At the end of the experimental sequence, the spatial distribution of atoms in the F=1, 
Numerical calculations
We have carried out semiclassical numerical calculations to simulate the atomic center The negative refraction can be described by Snell's law when noting that the refractive index at the surface changes sign from positive to negative. Transitions between the branch of the dispersion relation with E>0, corresponding to the case with collinear wavevector and group velocity, and the regime with E<0, for which wavevector and group velocity are antiparallel, can be induced by four-photon Raman π-pulses. 
